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        Introduction 
  During development, cell cycle lengths vary for different cell 
types, and this is important for the determination of their fates 
and functions. Misregulation of cell cycle length can cause 
unregulated growth, abnormal cell fates, gastrulation defects, 
and other developmental abnormalities and diseases. The   Cae-
norhabditis elegans   embryo is an excellent organism for study-
ing differential regulation of cell cycle length because the fi  rst 
division produces daughters with different cell cycle timing 
(  Deppe et al., 1978  ;   Sulston et al., 1983  ). This asynchrony is 
controlled by the partitioning-defective (PAR) proteins, con-
served cell polarity regulators that establish and maintain cell 
polarity in most animal cells (  Kemphues et al., 1988  ;   Watts 
et al., 1996, 2000  ;   Morton et al., 2002  ;   Schneider and Bowerman, 
2003  ;   Nance, 2005  ). Some PAR proteins have also been impli-
cated in proliferation control. For example, the serine/threonine 
kinase PAR-4 is homologous to the human tumor suppressor 
LKB1, which is mutated in Peutz-Jegher syndrome (  McGarrity 
and Amos, 2006  ). An important open question is how cell polar-
ity infl  uences cell cycle timing. 
 The  fi  rst cell division of   C. elegans   is asymmetric and pro-
duces a larger AB cell and a smaller P1 cell. Cell division at the 
two-cell stage is asynchronous, with AB dividing 2 min before 
P1. These asymmetries, as well as the asymmetric distribution 
of cytoplasmic and cortical components, are controlled by the 
PAR polarity proteins (  Schneider and Bowerman, 2003  ;   Nance, 
2005 ).  For  fi  ve of the six   par   genes, mutation results in loss of both 
size asymmetry and of asynchrony of cell division (  Kemphues 
et al., 1988  ;   Watts et al., 1996  ;   Morton et al., 2002  ). However, dif-
ferential control of cell cycle timing appears to be independent 
of cell size because   par-4   mutant embryos have synchronous 
AB and P1 divisions despite retaining the size asymmetry (  Watts 
et al., 2000  ). This suggests that the polarity machinery may regu-
late the asynchronous second division directly, although the 
specifi  c mechanism remains elusive. 
  Other factors likely to be involved in cell cycle asynchrony 
are the muscle excess (MEX) proteins MEX-5 and MEX-6 and the 
DNA replication checkpoint. MEX-5 and MEX-6 control asym-
metric protein degradation downstream of the PAR proteins, and 
their loss leads to AB and P1 dividing synchronously (  Piano et al., 
2002  ). Interference with the DNA replication checkpoint affects 
P1 cell cycle length more than that of AB (  Encalada et al., 2000  ; 
 Brauchle et al., 2003 ;  Kalogeropoulos et al., 2004 ). However, much 
of the difference between AB and P1 cell cycle lengths is indepen-
dent of the replication checkpoint, which strongly suggests the in-
volvement of other yet to be determined regulatory factors. 
  C
ell cycle lengths vary widely among different cells 
within an animal, yet mechanisms of cell cycle 
length regulation are poorly understood. In the 
  Caenorhabditis elegans   embryo, the ﬁ   rst cell division 
produces two cells with different cell cycle lengths, which 
are dependent on the conserved partitioning-defective 
(PAR) polarity proteins. We show that two key cell cycle 
regulators, the Polo-like kinase PLK-1 and the cyclin-
dependent kinase phosphatase CDC-25.1, are asymmetri-
cally distributed in early embryos. PLK-1 shows anterior 
cytoplasmic enrichment and CDC-25.1 shows PLK-1  – 
dependent enrichment in the anterior nucleus. Both proteins 
are required for normal mitotic progression. Furthermore, 
these asymmetries are controlled by PAR proteins and the 
muscle excess (MEX) proteins MEX-5/MEX-6, and the lat-
ter is linked to protein degradation. Our results support a 
model whereby the PAR and MEX-5/MEX-6 proteins 
asymmetrically control PLK-1 levels, which asymmetrically 
regulates CDC-25.1 to promote differences in cell cycle 
lengths. We suggest that control of Plk1 and Cdc25 may 
be relevant to regulation of cell cycle length in other 
developmental contexts.
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enrichment persists until NEBD in AB and is apparent in all two-
cell embryos where DNA condensation has begun ( n  = 18;  Fig. 1 B ). 
The greater abundance of CDC-25.1 in AB compared with P1 is 
consistent with a role in promoting an earlier cell division time. 
  If CDC-25.1 regulates asynchronous cell cycle timing at 
the two-cell stage, we would still expect it to promote cell divi-
sion in both AB and P1. To test this possibility, we knocked 
down   cdc-25.1   in wild-type embryos by RNAi and assessed cell 
cycle timing of both AB and P1 by video microscopy. Previous 
studies have shown that strong RNAi knockdown of   cdc-25.1  
results in severe meiotic defects (  Ashcroft et al., 1999  ). To over-
come this obstacle, we performed a weaker RNAi of  cdc-25.1  by 
feeding adult worms RNAi bacteria for a shorter period of time 
(see Materials and methods). Under these conditions, embryos 
still failed to hatch but they completed meiosis and we could 
assay cell division timing at the two-cell stage. Cell cycle times 
of wild-type and   cdc-25.1(RNAi)   embryos were measured from 
the onset of NEBD in P0 to NEBD in AB and P1. Although the 
cell cycle lengths for wild-type AB and P1 were 14.4   ±   0.26 and 
16.6   ±   0.28 min, respectively (  n   = 9), both were lengthened in 
the  cdc-25.1 -depleted embryos (18.1  ±  0.58 and 22.8  ±  0.80 min, 
respectively;   n   = 5;   Fig. 2 A   and Table S1 A, available at http://
www.jcb.org/cgi/content/full/jcb.200710018/DC1). In one case, 
we observed a synchronous division of AB and P1 at 22.2 min, 
which is consistent with previous observations (  Ashcroft et al., 
1999 ).  These  fi  ndings show that CDC-25.1 positively regulates 
the timing of cell division in AB and P1. 
  Most embryos partially depleted for   cdc-25.1   still show 
asynchronous cell division. However, we observed that the 
mean time between AB and P1 divisions in   cdc-25.1 -depleted 
embryos is lengthened compared with wild-type embryos (4.7 vs. 
2.2 min, respectively). The greater sensitivity of P1 to CDC-25.1 
depletion suggests that CDC-25.1 protein levels may play an 
important role in cell cycle length. The   cdc-25(RNAi)   loss-of-
function phenotypes, together with the asymmetry of nuclear 
CDC-25.1, are consistent with a model whereby the timing of 
division in the two-cell embryo is controlled by regulating nu-
clear levels of CDC-25.1. 
  The rate of nuclear CDC-25.1 accumulation 
is asynchronous in AB and P1 
  The asymmetric nuclear localization of CDC-25.1 is the earliest 
identifi  ed marker of asynchronous cell division. To better under-
stand the dynamics of CDC-25.1 nuclear accumulation, we 
generated a transgenic strain expressing GFP::CDC-25.1 and 
examined its localization in AB and P1 nuclei (see Materials 
and methods). Similar to endogenous CDC-25.1, GFP::CDC-25.1 
nuclear levels become asymmetric in early two-cell embryos 
soon after detection in the nuclei. By comparing normalized 
fl  uorescence intensities of GFP::CDC-25.1 in AB and P1 nuclei 
over time, we found that AB accumulates nuclear CDC-25.1 at 
a faster rate than P1 (  Fig. 3 A   and Video 1, available at http://
www.jcb.org/cgi/content/full/jcb.200710018/DC1). The maxi-
mal rate difference of GFP::CDC-25.1 nuclear accumulation 
in AB versus P1 is 3.9   ±   1.0 (  n   = 4). To further verify that the 
difference in nuclear CDC-25.1 levels is caused by active dif-
ferential regulation in AB compared with P1, we simultaneously 
  One possible mechanism for achieving different cell 
cycle lengths in AB and P1, compatible with known PAR protein 
functions, is the differential localization of core cell cycle regu-
latory components. Using a candidate approach to test this 
hypothesis, we found that both the Polo-like kinase PLK-1 and 
the Cdk phosphatase CDC-25.1 show enrichments in AB cells 
and that the polarity machinery controls these asymmetries. 
Both PLK-1 and CDC-25.1 promote cell cycle progression and 
PLK-1 is required for normal levels of nuclear CDC-25.1. 
These fi  ndings suggest a regulatory mechanism whereby the po-
larity machinery directs the asynchrony of the second divi  sion 
through the asymmetric distribution of PLK-1 and CDC-25.1 
in the   C. elegans   embryo. 
  Results and discussion 
  The Cdk phosphatase CDC-25.1 is 
enriched in AB nuclei and required for cell 
division timing 
  Previous studies have shown that AB and P1 spend an equiva-
lent length of time in mitosis, indicating that regulation of cell 
division asynchrony occurs before the onset of nuclear envelope 
breakdown (NEBD) in AB (  Encalada et al., 2000  ;   Brauchle 
et al., 2003  ). We postulated that a possible mechanism could be 
asymmetric distribution of key cell cycle regulators. Taking a 
candidate approach, we looked at the subcellular localization 
pattern of two cell cycle regulatory components, the E-type 
cyclin CYE-1 and the Cdk phosphatase CDC-25.1. 
  Nuclear localization of cyclin E demarcates and has been 
shown to be required for the initiation of S phase in mammalian 
cells (  Moroy and Geisen, 2004  ). We used nuclear localization 
of the sole   C. elegans   cyclin E protein CYE-1 as a marker for as-
sessing the time of onset of S phase in AB and P1 cells ( Brodigan 
et al., 2003  ). We found that CYE-1 can be detected in the future 
AB and P1 nuclei at equal levels as nuclei begin to reform in the 
fi  rst telophase (  Fig. 1 A  ). This symmetric nuclear distribution 
persists throughout the two-cell stage up to NEBD of AB. There-
fore, as gauged by CYE-1 localization, the onset of S phase ap-
pears to be synchronous. This agrees with previous data showing 
synchronous S phase initiation in AB and P1 by DAPI staining 
(  Edgar and McGhee, 1988  ). 
 The dual specifi  city Cdc25 family of phosphatases (Cdc25A, 
B, and C) activates Cdk  –  cyclin complexes to promote cell cycle 
progression (  Brodigan et al., 2003  ;   Busino et al., 2004  ). The tem-
poral activation of Cdk  –  cyclin activity has been shown to be 
  dependent on regulated nuclear import/export of Cdc25 proteins 
(  Karlsson et al., 1999  ;   Toyoshima-Morimoto et al., 2002  ). There 
are four Cdc25 homologues in   C. elegans   ( Ashcroft  et  al.,  1998 ). 
We focused on one, CDC-25.1, because it is the only one essential 
for normal meiosis and embryonic mitosis (  Ashcroft et al., 1999  ). 
Although its precise roles and distribution have not yet been inves-
tigated, CDC-25.1 localizes to the nuclei of early embryos 
(  Ashcroft et al., 1999  ). Intriguingly, we found that soon after 
CDC-25.1 is detectable in AB and P1 nuclei, there is an asymmet-
ric distribution. In early two-cell embryos, where DNA condensa-
tion has yet to occur, we observed enrichment of CDC-25.1 in 
AB nuclei in 10/12 embryos (  Fig. 1 B  ). This asymmetric nuclear 879  ASYMMETRIC CONTROL OF PLK-1 AND CDC-25   •   RIVERS ET AL.
GFP::CDC-25.1 nuclear recovery in AB was signifi  cantly 
greater than in P1 (2.7   ±   0.4-fold higher;   n   = 5;   Fig. 3 B  ). 
  We also observed that AB nuclei show a higher level of 
GFP::CDC-25.1 than P1 nuclei at comparable cell cycle times 
photobleached AB and P1 nuclear GFP::CDC-25.1 in early 
two-cell embryos and measured the fl  uorescence recovery in 
the nuclei over time. Similar to our observations with the 
unbleached GFP::CDC-25.1, the maximal rate difference of 
  Figure 1.       Localization of CYE-1, CDC-25.1, 
and PLK-1 in wild-type embryos.   (A and B) 
CYE-1 (A) and CDC-25.1 (B) immunostaining 
(green) is shown on top; costaining of DNA 
(DAPI, blue) and tubulin (red) is shown on the 
bottom. CYE-1 is found at equal levels in AB 
and P1 nuclei; AB nuclei show higher levels 
of CDC-25.1 than P1 nuclei from the early 
two-cell stage onward. (C) The   plk-1(RNAi)   
embryo has reduced nuclear level of CDC-25.1 
compared with the wild type but retains asym-
metry of distribution (right, high contrast [HC] 
image; dotted line marks nuclear envelope). 
(D) PLK-1 is shown on top (green); DNA (DAPI, 
blue) and tubulin (red) are shown on the bottom. 
Anterior cytoplasmic enrichment of PLK-1 is 
observed from pronuclear migration onwards. 
Bar, 10     m.     JCB  880 
Morimoto et al., 2002 ). If PLK-1 similarly regulates CDC-25.1 in 
  C. elegans  , then loss of   plk-1   should affect AB and P1 cell cycle 
lengths in a manner similar to that of loss of   cdc-25.1 .  Previous 
RNAi loss-of-function studies with   plk-1   resulted in a strong one-
cell arrest phenotype caused by a failure in cytokinesis (  Chase 
et al., 2000  ). Therefore, as we did with   cdc-25.1 ,  we  generated 
embryos with a weak loss of   plk-1   function by carrying our RNAi 
for shorter periods then and assessing cell cycle lengths in AB 
and P1. We found that   plk-1(RNAi)   embryos, like   cdc-25.1(RNAi)  
(  Fig. 3 A   and Video 2, available at http://www.jcb.org/cgi/content/
full/jcb.200710018/DC1). Indeed, nuclear levels of GFP::CDC-25.1 
are distinctly higher in AB nuclei than in P1 nuclei before NEBD 
(  Fig. 3  ). These results indicate that the rate of nuclear CDC-25.1 
accumulation is asymmetrically regulated in AB and P1, and this 
might lead to the difference in overall levels. We note that the dif-
ference in nuclear CDC-25.1 levels in AB compared with P1 at 
NEBD suggests that the absolute amount of CDC-25.1 is not the 
sole determinant of mitotic entry time. 
  The Polo-like kinase PLK-1 is anteriorly 
enriched and required for cell division timing 
  Previous studies in HeLa cells have shown that the Polo-like 
kinase Plk1 phosphorylates Cdc25C to promote its nuclear ac-
cumulation and the subsequent entry into mitosis (  Toyoshima-
  Figure 2.       Cell cycle timings in   cdc-25.1(RNAi)  ,   plk-1(RNAi)  ,   par-1  ,   and 
par-3   embryos.   Mean cell cycle times   ±   SEM from the onset of NEBD in 
P0 to the onset of NEBD in AB or P1. Corresponding p-values are given 
in Table S1 (A and B, available at http://www.jcb.org/cgi/content/full/
jcb.200710018/DC1). (A)   cdc-25.1(RNAi)   and   plk-1(RNAi)   embryos 
have lengthened AB and P1 cell cycle times. (B) P1 cell cycle time is short-
ened in   par-1   mutant embryos, whereas AB cell cycle time is lengthened 
in   par-3   mutant embryos.     
  Figure 3.       Rate of GFP::CDC-25.1 nuclear accumulation is higher in AB 
than in P1.   Plots show normalized nuclear ﬂ  uorescence intensities of   Ppie-1  ::
GFP::CDC-25.1 in AB and P1 through time during the second cell cycle. 
Initial ﬂ   uorescence in AB nucleus was arbitrarily set to 1. (A) Plot from 
representative GFP::CDC-25.1 embryo (  n   = 5). (B) Plot from representative 
GFP::CDC-25.1 FRAP experiment (  n   = 5). AB and P1 nuclei were simulta-
neously photobleached at 0 min.     881  ASYMMETRIC CONTROL OF PLK-1 AND CDC-25   •   RIVERS ET AL.
type P1 cells (  Fig. 5 B   and Table S1 D). In contrast, cytoplasmic 
PLK-1 and nuclear CDC-25.1 are high in both cells of   par-1 ,  -2 , 
and   -4   mutant embryos, similar to wild-type AB cells (  Fig. 5, 
A and B  ; and Table S1, C and D). These observations suggest that 
PAR-1, -2, and -4 inhibit and PAR-3 promotes nuclear CDC-25.1 
levels, possibly through regulation of PLK-1 abundance. 
  If the PLK-1 and CDC-25.1 levels are relevant to cell cy-
cle timing, then cell cycle length should be decreased in mu-
tants with increased PLK-1 levels and increased in mutants with 
lower PLK-1 levels. To test this hypothesis, we measured cell 
cycle lengths of the synchronous second division in   par-1   mu-
tant and   par-3   mutant embryos and compared them to those of 
wild-type AB and P1 cells (Table S1 B). In   par-1   mutant em-
bryos, where PLK-1 and CDC-25.1 levels are both high, AB 
and P1 cells have a fast cell cycle length similar to that of a 
wild-type AB cell (  Fig. 2 B  ). In   par-3   mutant embryos, where 
PLK-1 and CDC-25.1 levels are both low, AB and P1 cells have 
a slow cell cycle length similar to that of a wild-type P1 cell 
(  Fig. 2 B  ). These results support the view that PAR proteins 
control cell cycle length through regulation of PLK-1 and 
CDC-25.1 levels. 
  A suggestion for how the polarity machinery might reg-
ulate PLK-1 and/or CDC-25.1 comes from work on   mex-5  
and   mex-6  , two downstream targets of the   par   genes.  MEX-5 
and MEX-6 are nearly identical functionally redundant CCCH 
fi   nger proteins that link PAR asymmetries to downstream 
protein asymmetries (  Schubert et al., 2000  ;   DeRenzo et al., 
2003  ). Although their mechanism of action is unknown, they 
activate cullin-dependent degradation of germplasm proteins 
in the anterior of the one-cell embryo and in somatic cells 
such as AB, which leads to asymmetric protein distributions 
(  Schubert et al., 2000  ;   DeRenzo et al., 2003  ). Interestingly, 
  mex-5; mex-6   double mutants exhibit a synchronous cell divi-
sion phenotype at the two-cell stage (  Piano et al., 2002  ). 
These fi  ndings make MEX-5 and MEX-6 good candidates for 
linking PAR proteins to regulation of PLK-1 and CDC-25.1 
asymmetries. If MEX-5 and MEX-6 link PAR function to cell 
cycle asynchrony, then they would be expected to control the 
asymmetric distribution of PLK-1 and CDC-25.1. Consistent 
with this idea, we found that   mex-5(RNAi); mex-6(RNAi)   em-
bryos lack asymmetry of both PLK-1 and CDC-25.1 (  Fig. 4  ). 
Similar to   par-3   mutants,   mex-5(RNAi); mex-6(RNAi)   em-
bryos show low cytoplasmic PLK-1 levels and low nuclear 
levels of CDC-25.1 (  Fig. 5, A and B  ; and Table S1, C and D). 
Intriguingly, MEX-5 and MEX-6 localize asymmetrically to 
the anterior cytoplasm of the one cell embryo in a pattern 
similar to that of PLK-1, and this asymmetry is controlled by 
PAR proteins (  Schubert et al., 2000  ). 
  Our results support a model whereby the PAR and MEX-5/
MEX-6 proteins direct anterior enrichment of PLK-1 at the one-
cell stage, and this leads to higher nuclear enrichment of CDC-25.1 
in AB at the two-cell stage. The asymmetric localization of 
these known positive regulators of the cell cycle would result in 
AB dividing before P1. Loss of either PLK-1 or CDC-25.1 re-
sults in a slowing of division in both AB and P1, illustrating the 
need for both of these components to promote cell division in 
the two-cell embryo. 
embryos, show longer AB and P1 cell cycle times: 17.7   ±   0.47 
and 22.2   ±   0.68 min, respectively, as well as an increase in the 
difference between AB and P1 division time to 4.5 min (  n   =  16; 
  Fig. 2 A   and Table S1 A). We next investigated whether   C. elegans  
PLK-1 regulates endogenous nuclear CDC-25.1 levels. In wild-
type embryos, nuclear fl  uorescence is higher in AB than in P1 
(  Fig. 1 B; and   see Fig. 5 B). We found that   plk-1(RNAi)   embryos 
show reduced nuclear CDC-25.1 fl  uorescence in both AB and 
P1 without a reduction in cytoplasmic levels; however, nuclear 
levels remain asymmetric (  Figs. 1 C   and S1 C, available at http://
www.jcb.org/cgi/content/full/jcb.200710018/DC1). These results 
suggest that PLK-1 plays a role in promoting CDC-25.1 nu-
clear accumulation. 
  To further investigate a role for PLK-1 in the regulation of 
asynchronous cell cycle timing, we looked at its localization in 
early embryos. Strikingly, PLK-1 is enriched in the anterior cyto-
plasm of the one-cell embryo (  Fig. 1 D  ; noted in   Sumiyoshi 
et al., 2002  ). PLK-1 distribution is uniform at meiosis (  n   = 8) 
and then becomes asymmetric by pronuclear migration (  n   =  6; 
  Fig. 1 D  ). From metaphase of P0 to the end of the two-cell 
stage, all embryos continue to show anterior enrichment of 
PLK-1 (  n   = 56;   Fig. 1 D  ). As previously shown, we also   observed 
PLK-1 localization to centrosomes and metaphase chromo-
somes (  Chase et al., 2000  ). The anterior cytoplasmic enrich-
ment places PLK-1 at the right place and time to promote greater 
CDC-25.1 nuclear accumulation in AB than in P1. 
  To summarize, PLK-1 shows anterior cytoplasmic enrich-
ment, PLK-1 is required for nuclear accumulation of CDC-25.1, 
and both PLK-1 and CDC-25.1 promote cell cycle progression. 
These data support a model whereby the asymmetric localiza-
tion of PLK-1 in the anterior cytoplasm of the one cell embryo 
leads to an increased rate of CDC-25.1 nuclear accumulation in 
AB and therefore to an earlier entry into mitosis of AB com-
pared with P1. 
  PAR proteins and MEX-5/MEX-6 control 
PLK-1 and CDC-25.1 asymmetries 
  PAR proteins control overall embryonic polarity, including the 
size asymmetry of the fi  rst division, protein distribution asym-
metries, and the asynchronony of the second division (  G  ö  nczy 
and Rose, 2006  ). To ask whether PAR proteins might control 
cell division timing differences through regulation of PLK-1 
and CDC-25.1 asymmetries, we examined their patterns of 
localization in   par-1 ,  -2 , - 3 ,  and   -4   mutants. Indeed, the asym-
metries of both PLK-1 and CDC-25.1 are lost in each of these 
  par   mutants, with AB and P1 cells showing equivalent distribu-
tions (  Fig. 4  ). 
  Although PLK-1 and CDC-25 levels are equalized in AB 
and P1 cells in   par   mutants, we observed differences in staining 
intensity between them. We compared immunofl  ourescence in-
tensities of cytoplasmic PLK-1 and nuclear CDC-25.1 in the 
mutants to those in wild-type AB and P1 cells to gain a qualita-
tive measure of differences in levels. We found that cytoplasmic 
PLK-1 levels in both AB and P1 cells of   par-3   mutant embryos 
are similar to those found in wild-type P1 cells (  Fig. 5 A   and 
Table S1 C). Similarly, the nuclear levels of CDC-25.1 in AB 
and P1 cells of   par-3   mutants resemble the low level of wild-JCB  882 
to anterior stability of PLK-1. PAR-1, which counteracts MEX-5/
MEX-6  –  dependent protein degradation at the posterior, might 
protect such a factor at the posterior. 
 These  fi  ndings may shine light on previous studies that 
have linked the asynchronous second division in   C. elegans   to 
DNA replication control (  Encalada et al., 2000  ;   Brauchle et al., 
2003  ). DIV-1, which encodes a subunit of the DNA polymerase 
    -primase complex, is an essential DNA replication factor re-
quired for normal division timing in the early   C. elegans   em-
bryo. AB and P1 divisions are both delayed in   div-1   mutants; 
however, P1 is delayed to a much greater extent, which sug-
gests a link between DNA replication and asynchronous cell 
division (  Encalada et al., 2000  ). Further support for such a link 
was provided by a study of the ataxia telangiectasia and Rad3 
 How might the PLK-1 asymmetry be generated? We found 
that the MEX-5 and MEX-6 proteins, which are downstream 
targets of the PAR proteins, are required for PLK-1 asymmetry. 
MEX-5 and MEX-6 activate cullin-dependent protein degrada-
tion of germplasm components in AB cells, and this degradation 
is counteracted in P1 cells by the PAR-1 kinase (  DeRenzo et al., 
2003  ). This suggests that the PAR proteins and MEX-5/MEX-6 
may generate anterior enrichment of PLK-1 through asymmet-
ric control of PLK-1 levels. Because MEX-5/MEX-6 activates 
protein degradation in the anterior, though PLK-1 levels appear 
lower and not higher in   mex-5(RNAi); mex-6(RNAi)   embryos, 
PLK-1 seems unlikely to be a direct target. Instead, we suggest 
that MEX-5 and MEX-6 may activate anterior degradation of a 
yet-to-be-identifi  ed negative regulator of PLK-1 levels, leading 
  Figure 4.       PLK-1 and CDC-25.1 asymmetries depend on PAR and MEX-5/MEX-6 proteins.   PLK-1 and CDC-25.1 in two-cell embryos (left); and DNA (DAPI, 
blue) and tubulin (red; right). Cytoplasmic PLK-1 and nuclear CDC-25.1 show symmetric distributions in each mutant.   par-3   mutant and   mex-5; mex-6   
double RNAi embryos show low cytoplasmic PLK-1 and nuclear CDC-25.1 levels and   par-1  ,   -2  , and   -4   embryos show high cytoplasmic PLK-1 and nuclear 
CDC-25.1 levels. Quantiﬁ  cation is shown in   Fig. 5  . Bar, 10     m.     883  ASYMMETRIC CONTROL OF PLK-1 AND CDC-25   •   RIVERS ET AL.
in P1 than in AB even if the checkpoint was symmetrically acti-
vated in the two cells. A model consistent with these data are 
that asymmetric distributions of PLK-1 and CDC-25.1 are the 
primary regulatory events controlling asynchronous cell cycle 
timing, and that symmetric action of the DNA replication 
checkpoint on PLK-1 and/or CDC-25.1 increases asynchrony 
of cell division. Future studies on these proteins will be needed 
to test these hypotheses. 
  In summary, our studies have provided a clear model for 
differential control of cell cycle length at the two-cell stage: 
the polarity machinery generates asymmetry of the Polo-like 
kinase PLK-1 between AB and P1, and this in turn leads to dif-
ferential accumulation of CDC-25.1 in the nucleus. We suggest 
that regulation of Polo kinase activity or levels could be a 
general mechanism for controlling cell cycle length, as Polo 
kinases are highly regulated enzymes (  van Vugt and Medema, 
2005  ;   van de Weerdt and Medema, 2006  ). During development 
of all animals, cell cycle lengths become different, and this is 
usually linked with fate determination. An interesting future 
avenue of study would be to investigate whether there are de-
velopmental changes in Polo kinase levels in cells of distinctly 
different fates and whether or not those levels are critical in 
fate determination. 
  Materials and methods 
  Strains 
    C. elegans   strains were maintained using standard methods (  Brenner, 
1974  ). The following strains were used this study: N2, KK288 [  sqt-3(sc8) 
par-1(b274)  IV  /nT1(unc-?(n754)let-?)   (IV;V)] (  Kemphues et al., 1988  ), 
JA1438 [  dpy-1(e1) par-2(lw32)/sC1  ], KK571 [  lon-1(e185) par-3(it71)/
qC1  ] (used for immunoﬂ  uorescence experiments;   Cheng et al., 1995  ), 
KK653 [  unc-32(e189) par-3(it71)/qC1  ] (used for cell cycle timing 
  experiments;   Tsou et al., 2002  ) and KK300 [  par-4(it57ts)]   (  Morton 
et al., 1992  ). 
  To generate the GFP::CDC-25.1 animals, the full-length genomic 
fragment of CDC-25.1, comprising the ﬁ  rst ATG to the predicted stop, was 
gateway cloned into pID3.01 (a gift from G. Seydoux, Howard Hughes 
Medical Institute, Johns Hopkins University School of Medicine, Baltimore, 
MD). Simple arrays were generated by coinjection of the GFP::CDC-25.1 
construct (5   μ  g/ml) together with the dominant   rol-6(su1006  ) plasmid pRF4 
(100   μ  g/ml) and single-stranded oligonucleotides (1 mg/ml) to facilitate 
integration (  Mello et al., 1991  ). No integrants were obtained. Four extra-
chromosomal lines showed GFP::CDC-25.1 expression in the germline 
and early embryo similar to that of endogenous CDC-25.1 for more than 
six generations before being silenced. 
  Immunostaining 
  Antibody staining of embryos was performed as described previously 
(  Andrews and Ahringer, 2007  ) using rabbit anti-CDC-25.1(  Ashcroft et al., 
1999  ), rabbit anti  –  PLK-1 (both gifts of A. Golden, National Institutes of 
Health, Bethesda, MD;   Chase et al., 2000  ), mouse anti  –  CYE-1(a gift of 
E. Kiproes, University of Georgia, Athens, GA;   Brodigan et al., 2003  ), and 
mouse anti-tubulin (DM1A1; Sigma-Aldrich) primary antibodies and Alexa 
A488 and A594 secondary antibodies (Invitrogen). Embryos were imaged 
using a 63  ×   objective (Carl Zeiss, Inc.) on a microscope (Axioplan 2; Carl 
Zeiss, Inc.) ﬁ  tted with a confocal detection system (LSM 510 Meta; Carl 
Zeiss, Inc.). Secondary processing of images was performed using Photo-
shop CS3 and Illustrator CS3 (Adobe). 
  Single confocal images of wild-type and mutant two-cell embryos 
immunostained with CDC-25.1 or PLK-1 were taken. Quantiﬁ  cation of 
nuclear and cytoplasmic ﬂ  uorescent levels were measured using identical 
circular region of interest positioned within the AB and P1 nuclei or in the 
AB and P1 cytoplasm as indicated (Metamorph; MDS Analytical Technol-
ogies). All values were normalized to the mean of wild-type AB cytoplasmic 
or nuclear levels and standard errors determined. p-values were calculated 
using the   t   test. 
related  –  like kinase ATL-1 and the CHK1-like kinase CHK-1; 
these proteins slow both AB and P1 division times, again with 
a preferential effect in P1. In mammalian cells, Cdc25 and Plk1 
have been found to be direct targets of the replication check-
point (  Smits et al., 2000  ;   Bartek et al., 2004  ;   van Vugt et al., 
2004  ;   van Vugt and Medema, 2005  ). We found that lowering 
embryonic PLK-1 and CDC-25.1 levels affects P1 cell cycle 
length more than that of AB. Therefore, if the DNA replication 
checkpoint negatively regulated PLK-1 and/or CDC-25.1 in 
  C. elegans   embryos, it would be expected to have a larger effect 
  Figure 5.       PLK-1 and CDC-25.1 levels in   par   mutants.   Normalized ﬂ  uo-
rescent intensities in AB and P1 for cytoplasmic PLK-1 (A) and nuclear 
CDC-25.1 (B) immunostained wild-type,   par-1  ,   par-2(RNAi)  ,   par-3  ,   par-4  , 
and   mex-5/mex-6(RNAi)   two-cell embryos. Normalized means   ±   SEM 
shown. Corresponding p-values are given in Table S2 (C and D, available 
at http://wwws.jcb.org/cgi/content/full/jcb.200710018/DC1).     JCB  884 
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  RNAi 
  RNAi of   cdc-25.1   and   plk-1   was performed by feeding young adult her-
maphrodites RNAi bacterial clones (sjj_K06A5.7 for   cdc-25.1   and sjj_
K06H7.1 for   plk-1  ) as described previously (  Kamath et al., 2003  ;   Ahringer, 
2006  ).   cdc-25.1(RNAi)   embryos were analyzed 18  –  20 h after feeding 
at 20  °  C; these conditions lead to 100% embryonic lethality (  n   = 92). 
  plk-1(RNAi)   embryos were analyzed 18  –  20 h after feeding at 15  °  C; this 
causes   >  99% embryo lethality (  n   = 142). We observed that PLK-1 levels 
drop in both AB and P1 after RNAi depletion at 16, 18, and 20 h, with the 
asymmetry still apparent (Fig. S1). For simultaneous RNAi of   mex-5   and   mex-6  , 
double-stranded RNA corresponding to each gene was generated using 
(sjj_W02A2.7 and for   mex-5   sjj_AH6.5 for   mex-6  ) the T7 Ribomax RNA 
kit (Promega), pooled, and injected into young adult hermaphrodites 
(0.25 mg/ml each). Embryos were analyzed 36 h after injection at 20  °  C. 
  Differential interference contrast (DIC), GFP, and FRAP videos 
  To determine AB and P1 cell cycle lengths, 4D DIC movies of early em-
bryos were made at 20  °  C, taking 12 z sections at 10-s intervals using a 
63  ×   objective on a compound microscope (DMRE; Leica) ﬁ  tted with a digi-
tal camera (ORCA-ER; Hamamatsu) and running Openlab software (Impro-
vision) as described previously (  Zipperlen et al., 2001  ). AB and P1 cell 
cycle lengths were determined by measuring the time of onset of NEBD in 
the P0 cell to the onset of NEBD in AB or P1. For each set of experiments, 
movies of wild-type controls were collected on the same days as the mutant 
or RNAi embryos to control for environmental variations. 
  Movies of GFP::CDC-25.1 were made using an LSM 510 Meta 
confocal microscope. Image capture of 10 z sections of GFP::CDC-25.1 
and DIC was performed every 29 s for the non-FRAP videos and every 
11 s for the FRAP videos. For the FRAP videos, a non-FRAP time point 
was taken before the simultaneous bleaching of both AB and P1 nuclei 
(488 nm laser, 100% power, 200 iterations). All embryos survived to at 
least the four-cell stage. 
  Image analysis of the non-FRAP and FRAP videos was performed us-
ing the Metamorph software. We measured the ﬂ  uorescence intensity of a 
single projected image generated from the three middle planes of both the 
AB and P1 nuclei for each time point. Identical circular region of interests 
were positioned within the AB and P1 nuclei and in the AB and P1 cyto-
plasm and measurements were taken for each time point. Nuclear mea-
surements were corrected for photobleaching with the cytoplasmic 
ﬂ  uorescent values. All intensity values were then normalized to the initial 
intensity value measured at AB for each all the embryos analyzed. The re-
sults were plotted using Cricket Graph III (Computer Associates). 
  Online supplemental material 
  Fig. S1 is a time course of PLK-1 immunostaining after RNAi depletion of 
  plk-1   and CDC-25.1 immunostaining after   cdc-25.1   RNAi depletion. Table S1 
contains data corresponding to   Figs. 2 and 5  . Video 1 is a movie of a wild-
type GFP::CDC-25.1 two-cell embryo. Video 2 is a FRAP movie of a wild-type 
GFP::CDC-25.1 two-cell embryo. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full/jcb.200710018/DC1. 
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